We previously identified a Neisseria flavescens strain in the duodenum of celiac disease (CD) patients that induced immune inflammation in ex vivo duodenal mucosal explants and in CaCo-2 cells. We also found that vesicular trafficking was delayed after the CD-immunogenic P31-43 gliadin peptide-entered CaCo-2 cells and that 
| INTRODUCTION
Microbial dysbiosis has been identified in patients with active celiac disease (CD) (Girbovan, Sur, Samasca, & Lupan, 2017; Kho & Lal, 2018) .
Using 16S rRNA analysis of duodenal and oropharyngeal samples from CD patients and control subjects (Ctr), we previously identified a peculiar Neisseria flavescens strain in adults affected by CD (D'Argenio et al., 2016; Iaffaldano et al., 2018) . This bacterial strain, isolated from the above samples, induced an immune-inflammatory response in human and murine dendritic cells, in CaCo-2 cells, and in ex vivo duodenal mucosal explants of Ctr subjects, thereby suggesting that it could play a role in CD (D'Argenio et al., 2016) . Whole-genome shotgun sequencing revealed alterations in the iron acquisition system, particularly in the haemoglobin receptor, neisserial haptoglobin-haemoglobin A/B, and transferrin A/B binding protein genes in the CD associated but not in Ctr-N. flavescens isolates (D'Argenio et al., 2016) . Furthermore, intracellular trafficking between CD-N. flavescens and Ctr-N. flavescens isolates was delayed in CaCo-2 cells at the late lysosomal compartment (D'Argenio et al., 2016) . Interestingly, delay of vesicular trafficking has also been reported after the CD-immunogenic P31-43 gliadin peptide entered CaCo-2 cells (Barone et al., 2010) . CD is an autoimmune disorder caused by the loss of oral tolerance to gluten, in which changes of mucosal histology results from a Th1 response to certain gliadin peptides (e.g., the 33-mer A-gliadin peptide) presented by human leucocyte antigen-DQ2 or 8 (Sollid, 2000) and activation of innate immune pathways. Both the 33-mer and 25-mer (P31-55), which contain peptides P57-68 and P31-43, respectively, are very resistant to hydrolysis by gastric, pancreatic, and intestinal proteases. Thus, these peptides are active in vivo in the celiac intestine after gluten ingestion (Comino et al., 2012; Marsh, 1992; Shan et al., 2002) . The mechanisms by which P31-43 might induce the innate immune response and enterocyte proliferation have been attributed to its effect on the endocytic compartment (Barone, Troncone, & Auricchio, 2014; Barone & Zimmer, 2016) .
In both celiac enterocytes and CaCo-2 cells, P31-43 localises to the early endosomes and delays vesicular trafficking (Barone et al., 2007 (Barone et al., , 2010 ; Barone & Zimmer, 2016) . In detail, P31-43 shares sequence similarity with a region of growth factor-regulated tyrosine kinase substrate (HGS), the latter is located on the membranes of early endocytic vesicles and is a key molecule involved in regulating endocytic maturation (Barone et al., 2010) . In CaCo-2 cells, P31-43 interferes with the correct localisation of HGS in early endosomes thereby delaying maturation of endocytic vesicles (Barone et al., 2010) . Thus, P31-43 induces two important effects: (a) It delays endocytic maturation, and (b) it alters the recycling pathway.
Furthermore, low levels of Lactobacilli are one of the most consistent findings in the microbiomes of adults and children with active CD (D'Argenio et al., 2016; Di Cagno et al., 2011; Nadal, Donat, RibesKoninckx, Calabuig, & Sanz, 2007; Nistal et al., 2012) . In addition, pretreatment of CaCo-2 cells with Lactobacillus paracasei CBA L74 supernatant (L. paracasei-CBA) reduced the entry of gliadin peptides in the cell, thereby decreasing their toxicity (Sarno et al., 2014) .
In this scenario, we evaluated (a) if parallel to the inflammatory response, CD-N. flavescens-associated dysbiosis induces changes in Figure S1 ), which is in line with our previous finding (D 'Argenio et al., 2016) . Furthermore, using the microtubuleassociated proteins 1A/1B light chain 3B (LC3) vesicle marker, we investigated the localisation of CD-N. flavescens and Ctr-N. flavescens bacteria in the autophagosomal compartment using immunofluorescence. As shown in Figure 2 , CD-N. flavescens and LC3 colocalisation was significantly lower (P < .01) than that of Ctr-N. flavescens. Our data indicate that, unlike Ctr-N. flavescens, CD-N. flavescens preferentially localised to the early vesicular compartment and was able to elude the autophagosomal compartment.
2.2 | Effect of the P31-43 gliadin peptide on the localisation of CD-N. flavescens and Ctr-N. flavescens in the early, late, and autophagosomal vesicular compartments
To determine if and how the P31-43 gliadin peptide interferes with bacterial endocytosis, we infected CaCo-2 cells with CD-N. flavescens and Ctr-N. flavescens and treated them with the toxic P31-43 peptide.
We used this gliadin peptide for two reasons: (a) It is resistant to intestinal endopeptidases and is thus active in the intestinal mucosa (Nanayakkara et al., 2018) , and (b) it delays vesicular trafficking in intestinal epithelial cells (Barone et al., 2007) . As shown in Figure 3a Nadal et al., 2007; Nistal et al., 2012) , (b) lower faecal levels of Lactobacillus in active CD patients than in controls have been associated with differences in gluten metabolism between the two groups of individuals (Caminero et al., 2015) , (c) experimental evidence obtained by our group indicated that the pretreatment of CaCo-2 cells with L. paracasei-CBA supernatant reduced the entry of gliadin peptides into the cell, thereby decreasing their toxicity (Sarno et al., 2014) , whereas it exceeded NT values in CaCo-2 cells exposed to any of the other treatments tested (P < .05). Glycolytic capacity, which represents the maximum glycolytic rate, was significantly lower in CD-N. flavescens-infected CaCo-2 cells than in NT cells or in cells
exposed to any other treatment tested (P < .05; Figure S3A ).
Mitochondrial activity, which is basal respiration measured by Oxygen Consumption Rate (OCR; Figure 5C ), was significantly lower Uncoupled mitochondrial activity (i.e., OCR post-FCCP-OCR Ant/Rot) is reported in Figure S4 . Spare respiratory capacity (Figure 5d ), which represents the difference between maximal Given the low number of samples tested in each experimental condition (n = 2), we were unable to obtain a statistically significant difference with the ANOVA test. . (e) ECAR/OCR ratio, a measure of cell relative utilisation of glycolysis and oxidative phosphorylation. Data are expressed as mean ± SEM. Data comparison between groups was performed using the Kruskal-Wallis test. * Statistically significant differences (P < .05) after Bonferroni correction between groups encompassed by the bar. # Statistically significant differences (P < .05) after Bonferroni correction between the highlighted group and each of the other tested conditions Hardie, 2013). Furthermore, glycolytic reprogramming in the host response to bacteria has been described in Mycobacterium tuberculosis-infected murine lungs (Shi et al., 2015) and was found to be required for inflammatory cytokine production (Braverman, showed that similar alterations could influence several cell functions, ranging from proliferation to actin organisation, cell motility, and stress/innate immunity activation (Barone et al., 2007; Barone et al., 2010; Caldieri, Malabarba, Di Fiore, & Sigismund, 2018; De Matteis & Luini, 2011; Nanayakkara et al., 2013; Nanayakkara et al., 2018; Raiborg, Malerød, Pedersen, & Stenmark, 2008; Scita & Di Fiore, 2010; Siegert et al., 2018; Vicinanza et al., 2011) . The intracellular location of CD-N. flavescens is in agreement with the finding that pathogenic Neisseria meningitidis is internalised and creates a replicative niche within the intracellular membranous vacuoles (Barrile et al., 2015) . In addition, as autophagy is a fundamental host response to invasion by a variety of bacterial pathogens (Randow & Youle, 2014) , we investigated whether intracellular N. flavescens is directed to phagosomes for destruction or whether it eludes autophagy-mediated killing. We observed that CD-N. flavescens colocalises less than Ctr-N. flavescens with the autophagy marker LC3. This finding indicates that CD-N. flavescens escapes the autophagy process, probably
by "taking refuge" in the early compartment. Accordingly, Neissera gonorrhoeae has recently been reported to escape early autophagymediated killing by inhibiting autophagosome maturation and lysosome fusion (Lu et al., 2018) . Similar to CD-N. flavescens intracellular behaviour was also described in pathogenic N. meningitidis and Neissera gonorrhoeae (Barrile et al., 2015; Lu et al., 2018) . Indeed, by subverting intracellular trafficking, which is one of the main survival mechanisms of human pathogens (Barrile et al., 2015; Sullivan, Young, McCann, & Braunstein, 2012; Zhang et al., 2018) , CD-N. flavescens is more able to escape killing and survive in intestinal cells than Ctr-N. to directly cause, changes in signalling pathways (Scita & Di Fiore, 2010; Nanayakkara et al., 2013; Nanayakkara et al. 2018) . These earlier findings together with our results may help to shed light on the disease pathology.
In conclusion, the N. flavescens strain that we identified in duodenum and oropharyngeal samples from patients with active CD (D'Argenio et al., 2016; Iaffaldano et al., 2018) To prepare the probiotic supernatant, we cultivated L. paracasei-CBA L74 in DMEM supplemented with 10% fetal calf serum (FCS, GIBCO), and 1-mM glutamine (GIBCO) until 10 9 CFU/ml as previously described (Sarno et al., 2014 ). The bacterial culture was then centrifuged at 3,000 rpm for 10 min and the supernatant was filtered through a 0-to 22-micron filter. When required, lipopolysaccharidefree synthetic P31-43 peptides (Inbios, Naples, Italy; >95% pure, evaluated by matrix-assisted laser desorption/ionisation time-of-flight mass spectrometry) were added to cell cultures. The peptides were obtained using Ultrasart-D20 filtration (Sartorius AG, Gottingen, Germany). The level of lipopolysaccharide in these peptides was below the detection threshold (i.e., <0.20 EU/mg), as assessed using the QCL-1000 kit (Cambrex Corporation, NJ, USA). The sequence of P31-43 was LGQQQPFPPQQPY. The peptides were used at a concentration of 100 μg/ml (Nanayakkara et al., 2018) .
| Intracellular localization of N. flavescens in CaCo-2 epithelial cells
CaCo-2 cells were seeded on glass coverslips for 2 days. The cells
(1 × 10 5 ) were then infected with bacteria for 1 hr at MOI 1:100. After treatment with gentamicin (100 μg/ml) for 30 min to kill extracellular bacteria, the coverslips were washed, and 6 hr later, they were fixed 
| EEA1, LAMP-2 or LC3 immunofluorescence staining
The CaCo-2 cells were infected with the bacteria as described above 
| Colocalisation analysis
Colocalisation analysis was performed with AIS Zeiss software. Magnification of the micrographs was 63× objective, 2× zoom in all. We used Argon/2 (458, 477, 488, 514 nm), HeNe1 (543 nm), and HeNe2 (633 nm) excitation lasers, which were switched on separately to reduce cross-talk of the three fluorochromes. The green and the red emissions were separated by a dichroic splitter (FT 560) and filtered (515-to 540-nm band-pass filter for green and >610-nm long pass filter for red emission). A threshold was applied to the images to exclude about 99% of the signal found in control images. The weighted colocalisation coefficient represents the sum of intensity of colocalising pixels in Channels 1 and 2 compared with the overall sum of pixel intensities above threshold. This value could be 0 (no colocalisation) or 1 (all pixels colocalise). Bright pixels contribute more than faint pixels. The colocalisation coefficient represents the weighted colocalisation coefficient of Ch1 (red) with respect to Ch2 (green) for each experiment (Araya et al., 2016; Zimmermann et al., 2014) . 
